ABSTRACT: Synthetic cannabinoids (SCs) are the largest group of compounds currently monitored in Europe by the EU Early Warning System on new psychoactive substances. Emerging recreational use of these products has led to multiple cases of adverse health effects and even death. In contrast to marijuana, where Δ 9 -tetrahydrocannabinol (Δ 9 THC) is metabolized to only one major active metabolite, it has been reported that several major phase I metabolites of SCs remain biologically active, exerting cannabinoid (CB) receptor affinity, potency, and efficacy greater than those of Δ 9 THC. It is therefore reasonable that more SCs can also be biotransformed into molecules with various levels of CB activity. Here, we developed and applied a new G-protein coupled receptor (GPCR) activation assay based on NanoLuc binary technology (Promega). More specifically, by demonstrating CB1 and CB2 receptor activation by JWH-018 and a selection of its metabolites, we are the first to show the suitability of the newly developed bioassay for monitoring GPCR-mediated activity. We also successfully applied this reporter system to evaluate the in vitro activity of JWH-122, JWH-210, and PB-22, their 5-fluoro analogues (MAM-2201, EAM-2201, and 5F-PB-22, respectively), and their main phase I metabolites. By doing so, we demonstrate that several major metabolites of these SCs retain their activity at cannabinoid receptors. All of these active metabolites may prolong the parent compound's psychotropic and physiological effects and may contribute to its toxicity profile. We also demonstrate a proof of concept of the applicability of the newly developed bioassay for screening urine for CB receptor activity exerted by SCs. S ynthetic cannabinoid (CB) receptor agonists, commonly referred to as synthetic cannabinoids (SCs), are the largest group of compounds currently monitored in Europe by the EU Early Warning System on new psychoactive substances (NPS). 1 Although they are marketed as a "safe" and "legal" alternative to marijuana, recent reports indicate that many of these compounds may produce serious adverse health effects. 2,3 SCs were originally synthesized by research laboratories to investigate the endocannabinoid system or as potential therapeutic drugs because they interact with cannabinoid receptors CB1 and CB2. Currently, however, they have reappeared through the Internet as designer drugs, so-called "legal highs". 4−6 In contrast to the major psychoactive constituent of marijuana, Δ 9 -tetrahydrocannabinol (Δ 9 THC), which is a partial agonist at both receptors, SCs may act as full agonists and may be selective for one receptor subtype. 7 The psychoactive effects derive from agonistic activity at CB1, predominantly found in the central nervous system. CB2 receptors are mainly associated with the immune system, but they are also expressed at a lower density in the brain.
S ynthetic cannabinoid (CB) receptor agonists, commonly referred to as synthetic cannabinoids (SCs), are the largest group of compounds currently monitored in Europe by the EU Early Warning System on new psychoactive substances (NPS). 1 Although they are marketed as a "safe" and "legal" alternative to marijuana, recent reports indicate that many of these compounds may produce serious adverse health effects. 2, 3 SCs were originally synthesized by research laboratories to investigate the endocannabinoid system or as potential therapeutic drugs because they interact with cannabinoid receptors CB1 and CB2. Currently, however, they have reappeared through the Internet as designer drugs, so-called "legal highs". 4−6 In contrast to the major psychoactive constituent of marijuana, Δ 9 -tetrahydrocannabinol (Δ 9 THC), which is a partial agonist at both receptors, SCs may act as full agonists and may be selective for one receptor subtype. 7 The psychoactive effects derive from agonistic activity at CB1, predominantly found in the central nervous system. CB2 receptors are mainly associated with the immune system, but they are also expressed at a lower density in the brain. 8−10 CB1 and CB2 are G-protein coupled receptors (GPCRs). They are coupled through the Gi/o family of G-proteins to signal transduction mechanisms that include inhibition of adenylyl cyclase, activation of mitogen-activated protein kinase, regulation of calcium and potassium channels (CB1 only), and other signal transduction pathways. GPCRs are rapidly desensitized by recruitment of the cytosolic protein β-arrestin 2 (βarr2). 11 Unlike the widespread use of marijuana, which poses only relatively limited acute toxicity, serious adverse effects, often requiring medical attention, are not uncommon with SC consumption. Indeed, the relative risk of seeking emergency medical treatment following the use of SCs has been reported to be 30 times higher than that associated with the use of natural forms of cannabis. 12 Observed effects include central effects (psychosis, paranoia, agitation, seizures, and anxiety), cardiotoxic effects, acute kidney failure, respiratory depression, rhabdomyolysis, withdrawal symptoms, coma, and even death. 4, 7, 13, 14 The reason for the more profound adverse effects is not fully clear. It is known that the majority of SCs exhibits a higher affinity, potency, and efficacy at both the CB1 and CB2 receptors compared to those of Δ 9 THC. 7 As SC products may be a combination of several compounds, it is possible that the resulting activation of CB1 and/or CB2 produces stronger physiological and psychotropic effects. Another difference between Δ 9 THC and SCs is their metabolism. In contrast to marijuana, where Δ 9 THC is metabolized to only one major active metabolite, 15 it has been reported that several major metabolites of JWH-018, JWH-073, AM-2201, UR-144, and XLR-11 are still biologically active, exerting greater CB1 affinity, potency, and efficacy than Δ 9 THC, both in vitro and in vivo. 16−19 The metabolites of JWH-018 and JWH-073 also maintain their in vitro activity at CB2. 20 It is therefore reasonable to assume that other SCs are also biotransformed into molecules with various levels of activity at the CB receptors. These active metabolites may prolong the parent compound's psychotropic and physiological effects and may contribute to its toxicity profile. Greater knowledge of the activity of relevant metabolites of a wider set of SCs may allow us to gain better insight into the contribution of these active metabolites to the toxicity observed with SCs. Although there may be differences between in vitro and in vivo activities, these seem to be correlated; therefore, in vitro assays may serve this purpose.
Current methods used in the literature to determine the in vitro activity of SCs (and their metabolites) are the [ 35 S]GTPγS binding assay, 17 −26 a quantitative internalization assay, 27, 28 adenylyl cyclase assays, 20, 29, 30 and the commercial FLIPR membrane potential assay from Molecular Devices. 16, 30, 31 There are also commercially available β-arrestin recruitment assays, which have been evaluated for CB1 and CB2 cannabinoid receptors. These include the imaging-based Redistribution and Transfluor assays (from Thermo Fisher Scientific and Molecular Devices, respectively) and the nonimaging-based Tango and PathHunter assays (from Thermo Fisher Scientific and DiscoveRx, respectively). 32, 33 The GTPγS binding assay directly measures the guanine nucleotide exchange of G-proteins, an early event after GPCR activation. Although this assay could be applied (because CB receptors are Gi/o-coupled), the radioactivity, high background, and requirement for a filtration step are important drawbacks. 34−36 The quantitative internalization assay, which evaluates the remaining percentage of cell surface receptors via antibody staining as a measurement of receptor activation, is not preferred as it is labor-intensive due to the multiple washing and binding steps. Adenylyl cyclase assays are based on the quantification of second messenger cAMP. However, in the case of Gi/o-coupled receptors, prestimulation is required (e.g., with forskolin, a direct activator of the adenylyl cyclase). 35, 36 The FLIPR membrane potential assay is designed to measure intracellular changes in calcium levels by using calcium-sensitive fluorescent dyes. The rapid and transient calcium flux makes the assay unsuitable for detecting slow binding agonists. Also, the use of a fluorescent readout may lead to false positive signals due to possible interference from other compounds. 35, 36 The Redistribution and Transfluor assays evaluate receptor activation by monitoring receptor internalization via fusion proteins with green fluorescent protein (GFP). While a benefit of these assays is the real-time measurement and visualization of the GFP fusion protein during the internalization process, they require a dedicated imaging system and offer a relatively low throughput. In the Tango assay, GPCR activation is evaluated by the release of a transcription factor, which leads to expression of a reporter protein that can be quantified. Although reporter gene assays are sensitive, there are some concerns. These include the need for long incubation times, difficulties in antagonist detection due to reporter accumulation, and the high potential for false positives as reporter protein expression is a distal event to receptor activation. In the PathHunter assay, the β-arrestin−receptor interaction is measured via enzyme fragment complementation of β-galactosidase. The PathHunter assay, just as the Tango assay, can be read on a standard multimode reader and is easily adaptable for high-throughput screening, but its advantage over the Tango assay is that the detection is proximal to the receptor. The downsides of the PathHunter assay are its lack of flexibility for the end user and the limited time window for detection as the β-arrestin−receptor interaction is measured only 90−120 min after stimulation with the test compound. 33,35−37 Here, we developed and applied a new GPCR activation assay based on NanoLuc binary technology (Promega). This technology has already successfully been applied to study protein−protein interactions. 38 We report on the application of this assay for the monitoring of GPCR activation, via ligandinduced interaction of βarr2 with a given GPCR. More specifically, by demonstrating activation of CB1 and CB2 cannabinoid receptors by JWH-018 and a selection of its metabolites, we are the first to show the suitability of the newly developed bioassay for activity profiling of GPCR ligands. Next, we applied this reporter system to evaluate the in vitro activity of JWH-122, JWH-210, and PB-22, their 5-fluoro analogues (MAM-2201, EAM-2201, and 5F-PB-22, respectively), and their main phase I metabolites (Figure 1) . By doing so, we demonstrate that several major metabolites of these SCs retain their activity at CB receptors. We also demonstrate a proof of concept of the applicability of the newly developed bioassay for detecting the presence of CB receptor activating compounds, notably SCs (and their metabolites), in urine. ■ MATERIALS AND METHODS Chemicals and Reagents, Plasmids and Constructs, and Cell Culture and Transfection. Chemicals and reagents were obtained as described in the Supporting Information (Data S1). Expression vectors encoding human CB1 or CB2 receptor or β-arrestin 2, fused via a flexible linker to the subunits of NanoLuc luciferase (LgBiT or SmBiT), were generated using standard molecular biology techniques, as outlined in Supporting Information Data S1. These constructs were used to transiently transfect human embryonic kidney (HEK) 293T cells, which were seeded in poly-D-lysine-coated 96-well plates at 5 × 10 4 cells/well and incubated overnight before performing the assay. More details can be found in Supporting Information Data S1.
Cannabinoid Reporter Assay. Forty-eight hours after transfection, the cells were washed twice with Opti-MEM I reduced serum medium to remove any remaining FBS, and 100 μL of Opti-MEM I was added. The Nano-Glo Live Cell reagent, a nonlytic detection reagent containing the cellpermeable furimazine substrate, was prepared by diluting the Nano-Glo Live Cell substrate 20× using Nano-Glo LCS Dilution buffer, and 25 μL was added to each well. Subsequently, the plate was placed in a GloMAX96 (Promega). Luminescence was monitored during the equilibration period until the signal was stabilized (30−45 min). For agonist experiments, we added 10 μL per well of test compounds, present as 13.5× stocks in 50% methanol in Opti-MEM I. Luminescence was continuously detected for 120 min. For antagonist experiments, 5 μL of the antagonist stock solution (26× stock solution in 50% methanol in Opti-MEM I) was incubated for 5 min before adding 5 μL of agonist (27× stock solution in 50% methanol in Opti-MEM I). The luminescence was continuously detected for 120 min. Solvent controls were run in all experiments; the final concentration of methanol (3.7%) did not pose a problem given the advantage of the short readout time of the assay.
Statistical Analysis. Curve fitting and statistical analyses were performed using GraphPad Prism software (San Diego, CA, USA). To select the optimal configuration for the CB reporter assay for both CB receptors, results are represented as mean area under the curve (AUC) ± standard error of mean (SEM) with six replicates for each data point (unless stated otherwise) and were statistically analyzed using Student's t test after F-test and Grubbs' outliers test (α = 0.05). Curve fitting of concentration−effect curves via nonlinear regression was employed to determine EC/IC 50 (a measure of potency). To evaluate the activity of the different SCs and their metabolites, results are represented as the percentage (%) CB activation (relative to the receptor activation of JWH-018) ± SEM, with at least three replicates for each data point. Here, the absolute signals were baseline-corrected by subtracting the vehicle control samples and were corrected for the interwell variability before the AUC calculations (see Supporting Information Data S2). A one-way ANOVA, followed by Dunnett's post hoc test, was used to determine statistical significance (P < 0.05) (i) between all compounds and the reference compound JWH-018, (ii) within a group between a parent compound and the other compounds in that group (e.g., all compounds related to JWH-122 vs JWH-122), and (iii) between the signals obtained from the compounds and those from solvent controls. To plot the activity profiles of the natural cannabinoids and urinary samples, the normalized raw data are shown (see Supporting Information Data S2).
Urine Sample Preparation. For conjugate cleavage, 0.5 mL of phosphate buffer, pH 6, and 30 μL of β-glucuronidase were added to 0.5 mL of urine, followed by a 1 h incubation at 45°C. Then, 1.5 mL of ice-cold acetonitrile and 0.5 mL of 10 M ammonium formate were added. The mixture was shaken and centrifuged. One milliliter of the organic phase was transferred to a separate vial and evaporated to dryness under a stream of nitrogen. For analysis with the applied CB reporter assay, the evaporated extract was reconstituted in 100 μL of Opti-MEM I/MeOH (50/50, v/v), of which 10 μL was used per well (see the Cannabinoid Reporter Assay section). For LC-MS/MS analysis, another 0.5 mL aliquot was spiked with internal standards (2 ng/mL; see Supporting Information Data S3) and processed as described above. The residue was reconstituted in 200 μL of mobile phase A/B (50/50, v/v) prior to LC-MS/MS analysis.
LC-ESI-MS/MS Analysis of Urine Samples. Quantification of SC metabolites in a genuine urine sample was performed by applying a semiquantitative LC-MS/MS method. Selectivity and specificity were tested by analyzing six blank samples. Linearity was given for all analytes from 0.01 to 10.0 ng/mL. The lowest calibrator level was defined as the lower limit of quantification (LLOQ). Precision (<15%) and accuracy (<±15%) were assessed by analysis of control samples. Concentrations below the calibration range were extrapolated using the peak area ratio of the lowest calibrator and were reported only if the identification criteria were fulfilled (retention time, signal-to-noise ratio > 3:1, qualifier ion/ quantifier ion ratio). Matrix effects were not assessed since semiquantitative values were considered acceptable for the proof-of-concept comparison with the qualitative results of the applied reporter assay. Settings used for the chromatographic separation and the tandem mass spectrometry analysis are described elsewhere. 39 For details on the optimized MS settings of the quantified analytes and internal standards, see Supporting Information Data S3.
■ RESULTS AND DISCUSSION
Design of the CB Reporter Assay. NanoLuc binary technology utilizes a structural complementation-based approach to monitor protein interactions within living cells. It makes use of inactive subunits of NanoLuc luciferase, Large BiT (LgBiT; 18 kDa) and Small BiT (SmBiT; 1 kDa), which are coupled to two proteins of interest. Protein interaction promotes structural complementation of the subunits, thereby restoring NanoLuc luciferase activity, which generates a bioluminescent signal in the presence of the furimazine substrate. To monitor GPCR activation, we made use of its stimulation-dependent interaction with the cytosolic adaptor protein βarr2, which mediates receptor desensitization and internalization in a widely distributed manner throughout the GPCR family. 40−42 Here, we aimed at establishing assays capable of monitoring activation of CB1 and CB2 receptors using a panel of SCs and their metabolites. To this end, we designed constructs in which the LgBiT or SmBiT subunit is coupled to the CB1 or CB2 C-terminus and to the N-or Cterminus of βarr2. To assess the functional complementation of the LgBiT and SmBiT fusion proteins upon GPCR activation, all possible combinations were tested by stimulation with a known agonist, JWH-018 (Figure 2 ). Whenever both the CB and βarr2 fusion proteins were present together, unstimulated cells readily showed a signal above background (i.e., the signal when only the CB fusion protein was present), pointing at some level of constitutive CB−βarr2 interaction (open bars in Figure 2A ). Regardless of the combination of CB and βarr2 fusion proteins used, a significant increase in signal was observed upon agonist stimulation (closed bars in Figure 2A ). The highest signals were observed for the CB−SmBiT/LgBiT−βarr2 combinations. For CB2, this combination also yielded the largest increase (2.27-fold) when comparing stimulated vs nonstimulated cells. For CB1, however, the combination of CB1−LgBiT/SmBiT−βarr2, although it gave somewhat lower absolute signals, yielded the largest increase (3.81-fold) following activation. Hence, further experiments were performed with cells that were transiently transfected with either the CB1−LgBiT/SmBiT−βarr2 combination or the CB2− SmBiT/LgBiT−βarr2 combination ( Figure 2B ).
Analytical Chemistry
Concentration Dependence of the CB Reporter Assays. Upon stimulation with a known agonist, JWH-018, CB1−LgBiT and CB2−SmBiT showed a concentrationdependent interaction with SmBiT−βarr2 and LgBiT−βarr2, respectively, with EC 50 values of 38.2 and 12.8 nM (Table 1 and Figure 3A ,B). Also, for other synthetic cannabinoids, concentration-dependence was obtained and EC 50 values were determined as a measure of relative potency ( Table 1 ). For PB-22 and 5F-PB-22, which are known to have an even higher potency, 16 we obtained subnanomolar EC 50 values using the newly developed assay. Again, these EC 50 values match the order of magnitude of those found in the literature (FLIPR membrane potential assay: CB1 5.1 and 2.8 nM vs 102 nM for JWH-018; CB2 37 and 11 nM vs 133 nM for JWH-018). 16 Our data are also in line with the observation by Banister et al. that terminal fluorination of the N-pentyl results in increased CB receptor potency. 16 For CB1, the parent compounds JWH-122, JWH-210, and PB-22 and their 5-fluoro analogues (MAM-2201, EAM-2201 and 5F-PB-22, respectively) showed CB1 activation that was significantly higher than the reference JWH-018 (graphs are shown in Supporting Information Data S4). This may point at an intrinsic high efficacy of these compounds or, alternatively, to more efficient recruitment of βarr2 upon receptor activation, or both. The JWH-018-induced recruitment of βarr2 to CB1 was blocked by Rimonabant, a selective CB1 antagonist, in a concentrationdependent manner (Figure 3C ), demonstrating the specificity of the assay. Curve fitting of concentration−effect curves via nonlinear regression was employed to determine the IC 50 of Rimonabant, which was 11.4 nM (95% CI profile likelihood: 8.6−15.1 nM) and is in line with the IC 50 value of 17.6 nM (Eu-GTPγS binding assay) found in the literature. 43 Application of the CB Reporter Assays on SCs and Their Main Phase I Metabolites. JWH-018. JWH-018 was the first SC reported in Germany in December 2008 as one of the active components of the herbal blend "Spice". 5, 6 It is a naphthoylindole, belonging to the aminoalkylindole family. Although its chemical structure differs substantially from that of Δ 9 THC, it produces similar effects and has been reported to be more potent than Δ 9 THC (data shown in Supporting Information Data S5). Importantly, several metabolites of JWH-018 have been reported to have partial to full agonist activity at CB1 and CB2. 18−20 To further validate our newly developed CB reporter assay, we applied it to JWH-018 and a selection of its metabolites, reported as the major phase I metabolites occurring in urine, i.e., the 4-and 5-OH-pentyl, 5-and 6-OH-indole, and the N-pentanoic acid metabolites. 44 For each of these compounds, we assessed βarr2 recruitment to either the CB1 or CB2 receptor at an arbitrarily chosen concentration of 1 μM, corresponding to a receptor saturating concentration of JWH-018. Unlike JWH-018 and all of the monohydroxylated metabolites, which activated both CB receptors (Figure 4 , Supporting Information Data S6), the Npentanoic acid metabolite did not induce a significant difference from basal levels at both receptors, which is in line with its reported lack of affinity for CB1 and CB2 receptors (K i for CB1 and CB2 ≥ 10 000 nM). 18, 20 The extent of CB1 and CB2 activation varied for individual metabolites. For CB1, there was no statistical difference in the level of receptor activation by the 4-OH-pentyl and 5-OHindole metabolites when compared to the JWH-018 parent compound. The two other hydroxylated metabolites (5-OHpentyl and 6-OH-indole metabolites) produced significantly less CB1 activation, 20.7 and 24.1% relative to JWH-018, respectively ( Figure 4A and Supporting Information Data S6). For CB2, all hydroxylated metabolites yielded a signal that was not significantly different from that obtained after stimulation with JWH-018, indicating that these metabolites also retain their activity at CB2 (Figure 4B ), which is consistent with the literature. 18−20 It is worth noting that, when compared to the literature, there is no perfect overlay in the relative activity of the metabolites. Several reasons may account for these more subtle differences, most notably the different experimental setups that have been used (e.g., [ (Figure 1 ). These SCs became popular in 2010−2011 after the prohibition of the "first generation" of SCs (e.g., JWH-018, JWH-073). 47, 48 The shift to these agonists, some of which are more potent than JWH-018 (Table 1) , has led to more cases with serious symptoms, including a reported fatality of MAM-2201 poisoning.
49−52
Biotransformation of JWH-122 and MAM-2201 leads to common metabolites: the 5-OH-pentyl and N-pentanoic acid JWH-122 metabolites. MAM-2201 also produces trace amounts of the 4-OH-pentyl-MAM-2201 metabolite. 53 Both in vitro metabolism studies 53 and analyses of authentic urine samples from users (unpublished observations) 53 demonstrated that the 5-OH-pentyl-JWH-122 metabolite was the primary phase I metabolite of MAM-2201, whereas the 4-OH-pentyl-JWH-122 metabolite was predominant and exclusive in JWH-122 metabolism. 53 From the available reference standards for metabolites of JWH-210, the 4-OH-pentyl metabolite was the most prevalent phase I metabolite in urine. The other phase I metabolites that were present in decreasing abundance are the 5-OH-indole and 5-OH-pentyl metabolites. For EAM-2201, the 5-OH-pentyl-JWH-210 metabolite was the most abundant phase I metabolite in the urine of users, followed by the Npentanoic acid JWH-210 metabolite (unpublished observations). Since the activity of these metabolites at CB receptors is not known, we evaluated these with our new bioassay. Again, all compounds were tested at 1 μM, with JWH-018 as a reference.
JWH-122, MAM-2201, JWH-210, EAM-2201, and all of the monohydroxylated metabolites showed significant activation of both receptors. The N-pentanoic acid JWH-122 metabolite did not induce a significant difference from basal levels at both receptors, but, unexpectedly, the N-pentanoic acid JWH-210 metabolite did show CB2 receptor activation, which, although somewhat lower, was not significantly different from the parent compound, JWH-210. (Figure 5A ,B and Supporting Information Data S6). The signal obtained for almost all hydroxylated metabolites was not significantly different from that induced by the corresponding parent compounds, JWH-122 and JWH-210. Only 5-OH-pentyl-JWH-122 and 5-OH-indole-JWH-210 yielded signals that were significantly lower, but they still induced levels of CB1 activation that were not statistically different from our reference compound, JWH-018. For CB2, there was no statistical difference in the level of receptor PB-22 and 5F-PB-22. PB-22 (also named QUPIC) and 5F-PB-22 belong to the quinolin-8-yl indolecarboxylate family, differing from the earlier generation naphthoylindoles by the replacement of the naphthalene group with an ester-linked quinolin-8-yl moiety (Figure 1 ). These compounds were first reported to the EMCDDA in November 2012 following their seizure by Finnish customs authorities. 6 PB-22 and 5F-PB-22 have been implicated in clinical reports of seizure, 54, 55 with 5F-PB-22 having been associated with several adverse reactions, comprising anxiety, paranoia, headache, vomiting, sweating, and nausea.
56 5F-PB-22 has also been detected in several fatal intoxications in the USA. 57 PB-22 and 5F-PB-22 are known to be very potent SCs, both possessing subnanomolar potency at CB receptors (Table 1) , but nothing is known about the activities of their metabolites. The metabolism of PB-22 and 5F-PB-22 has primarily been investigated via in vitro metabolism studies. 58−60 After examining authentic urine samples from users who consumed PB-22 and 5F-PB-22, we selected some metabolites to assess their activity at CB receptors. For PB-22, the 3-carboxyindole was the major phase I metabolite, with the 4-OH-pentyl metabolite usually being the second most prevalent. A similar metabolic profile was seen for 5F-PB-22, with the 3-carboxyindole as most prominent and the 5-OH-pentyl as second most abundant phase I metabolite.
The reporter assay was used to evaluate the intrinsic activity at the CB1 and CB2 receptors of PB-22, 5F-PB-22, and all of the above-mentioned metabolites, as well as that of the Npentanoic acid metabolite, which is also found in most urine samples (unpublished observations), all at a fixed concentration of 1 μM. PB-22 and 5F-PB-22 showed significantly stronger receptor activation at both CB receptors in comparison to the reference, JWH-018: 2.87-and 2.79-fold increases at the CB1 receptor and 1.38-and 1.32-fold increases at the CB2 receptor, respectively ( Figure 5A ,B and Supporting Information Data S6). The capability of the major phase I metabolites 3-carboxyindole-PB-22 and 3-carboxyindole-5F-PB-22 to activate the CB receptors did not differ significantly from basal levels. There was also no antagonistic activity observed for these two compounds (Supporting Information Data S7), indicating that the 3-carboxyindole metabolites do not induce effects at the CB receptors. This suggests that the quinolin-8-yl moiety is crucial for CB receptor binding, just as the naphthoyl group is important for the naphthoylindoles through its aromatic stacking with the receptor. 61 The second most abundant metabolites (the 4-and 5-OH-pentyl-PB-22 metabolites) showed CB1 receptor activation, which was significantly lower in comparison to that of PB-22, but it was still significantly higher than that induced by our reference compound, JWH-018 (208.0 and 171.0%, respectively). Although PB-22, 5F-PB-22, and the hydroxylated metabolites yielded higher levels of CB2 receptor activation, this activation did not significantly differ from the reference compound, JWH-018. The N-pentanoic acid PB-22 metabolite did show a significant activation at the CB2 receptor (43.5%), just as Npentanoic acid JWH-210, but unexpectedly, it also showed a significant activation of the CB1 receptor compared to basal levels (25.8%), although this activation remained significantly lower than that induced by JWH-018 and PB-22.
In conclusion, at the evaluated concentration, all hydroxylated metabolites of JWH-122, JWH-210, and PB-22 and their 5-fluoro analogues yielded a similar or sometimes even a significantly higher signal at the CB receptors than the reference agonist, JWH-018, suggesting a functional relevance for these compounds. Also, the two N-pentanoic acid metabolites of JWH-210 and PB-22 consistently showed activity at one or both CB receptors. This was not expected based on literature data for the N-pentanoic acid metabolites of JWH-018 and JWH-073. 17, 18, 20 It is known that SCs quickly reach maximum concentrations in blood upon use. A high serum concentration of JWH-018 was reached upon smoking. 62 These compounds can have very long terminal half-lives (in the range of several days), as has been demonstrated in heavy, chronic users, due to extensive distribution in deeper tissue. 63 A small oral single-dose self-administration pharmacokinetic study showed that the serum concentration of the metabolites exceeded that of the parent compound (AM-2201 in that case) at all time points (1.5−21 h), suggesting a combination of slow resorption and a fast metabolic transformation upon oral uptake. 64 Although little is known about the concentrations and half-lives of the metabolites in the blood of users, the presence of active metabolites may prolong a compound's psychotropic and physiological effects, thereby contributing to its toxicity profile.
Application of the CB Reporter Assays on Natural Cannabinoids (Δ 9 THC and CBD) and the Main Phase I Metabolites of Δ 9 THC. In addition to SCs, the natural cannabinoids Δ 9 THC and cannabidiol (CBD), as well as the major phase I metabolites of Δ 9 THC, 11-OH-THC, and THCCOOH, were evaluated in the CB reporter assay, all at 1 μM concentration (corresponding to 314.5, 314.5, 330.5, and 344.4 ng/mL, respectively). Δ 9 THC levels in urine are typically quite low (with 30 ng/mL corresponding to a very high concentration in heavy users). Urinary concentrations of 11-OH-THC and THCCOOH can reach up to a few hundred or a few thousand ng/mL, respectively, in cases with recent heavy use of cannabis. 65−67 Taking as reference the signal obtained with 1 μM JWH-018, no or only low-level activation was seen with the natural cannabinoids (Figure 6 ). THCCOOH shows no activation at both receptors, either at 1 (Figure 6 ) or 10 μM (3144 ng/mL; data not shown), in line with expectations. Δ 9 THC shows some activation at CB1 at 1 μM, but it does not show any activation at CB2. 11-OH-THC shows a low level of activation at 1 μM at both receptors, which is more pronounced for CB1 compared to that for CB2. For CBD, which is found only at low concentrations in the urine of cannabis users (typically below 10 ng/mL), 65 we found no activity at both receptors at a concentration of 1 μM (data not shown). However, if oral/oromucosal CBD is administered, (very) high concentrations may be obtained in the urine, 68, 69 which may influence the signal obtained in our reporter assay.
Application of the CB Reporter Assay as a First-Line Screening Tool in Urine: Proof of Concept. A promising future application of the newly developed CB reporter assay may be its deployment as a first-line screening tool, complementing targeted and untargeted analytical assays and/ or preceding analytical (mass spectrometry based) confirmation. However, the low concentrations of SCs in biological fluids require high-sensitivity bioassays capable of monitoring low-nanomolar or subnanomolar (ng/mL) levels of SCs. We therefore analyzed urine samples of two separate individuals, spiked with one of the two major metabolites of JWH-210, 4-and 5-OH-pentyl-JWH-210, at a concentration of 2 ng/mL (5.2 nM). The signals obtained for the spiked urine samples could be distinguished from the blanks in both the CB1 and CB2 bioassays (Figure 7A−D) .
Next, we analyzed three separate blank urine samples and a genuine urine sample from a user who had consumed a mixture of JWH-018, JWH-122, and JWH-210 (Figure 7E,F) . These urine samples were split in two parts. One part was subjected to a semiquantitative LC-MS/MS method, and the other part was evaluated in our newly developed bioassay. LC-MS/MS analysis confirmed the presence of metabolites of JWH-018, JWH-122, and JWH-210 at low-or subnanomolar (ng/mL) levels, thereby confirming the intake of the aforementioned SCs ( Table 2) . Evaluation of the extract with our bioassay resulted in a signal that could clearly be distinguished from the three control urine extracts, both for CB1 and CB2 receptors (Figure 7E,F) . Although this result clearly needs to be extended using a larger panel of authentic samples (which is beyond the scope of the current study), it indicates the applicability of the CB reporter assay in the context of screening biological matrices.
■ CONCLUSIONS
We successfully developed a CB receptor activation assay based on NanoLuc binary technology. This assay combines several advantages over other CB receptor activation assays as it is a relatively simple, nonradioactive, sensitive, and homogeneous method, only requiring basic cell culture equipment and a standard luminometer. CB receptor activation is measured proximal to the receptor, which is known to reduce the incidence of false positives. The developed assay allows realtime monitoring of receptor activation as the measurement starts from the moment the test compound is added (which is in contrast to the commercially available PathHunter assay). The system is also flexible, as the CB receptors can be easily replaced by another GPCR. The newly developed bioassay was applied to determine the in vitro activity of several SCs and their metabolites. We observed that several major metabolites retain their activity at CB receptors. The high potency and efficacy of SCs, coupled with their metabolism to a number of highly active metabolites, might help to explain the distinct adverse clinical manifestations that have been observed with SC use. When considering CB receptors, the developed bioassay may be used for structure−activity relationship (SAR) studies, but importantly, it may also be useful as newer NPS legislations start to implement "activity" (possibly expressed as potency and/or efficacy) rather than the identity of the drug or its chemical structure. For example, in 2012, the USA implemented a legislation that essentially illegalized all SCs as the new law broadly covers any material or mixture that contains any amount of "cannabimimetic" agents, their salts, isomers, or salts of isomers. 70 Also, in the UK, a new law on "legal highs" has been implemented since May 2016. 71 The Psychoactive Substances Act differs from the established approach to drug control under the Misuse of Drugs Act 1971 as it covers substances by virtue of their psychoactive properties, as defined by the Advisory Council on the Misuse of Drugs. Herein, the definition of a substance producing a psychoactive effect includes "...(a substance) which produces a response in in vitro tests qualitatively identical to substances controlled under the Misuse of Drugs Act 1971...". 72 One of the receptors included in these in vitro tests, to demonstrate "psychoactivity" for the purposes of the Psychoactive Substances Act, is the CB1 receptor. 70 It is clear that solely deducing activity from SAR studies will inevitably lead to discussions that can be efficiently countered by the developed bioassay.
Our data indicate that the newly developed CB reporter assay detects CB receptor activation by extracts of biological matrices in which SCs (or metabolites) are present at low-or subnanomolar levels of SCs. In the future, this may allow its deployment as a first-line screening tool, complementing targeted and untargeted analytical assays and/or preceding analytical (mass spectrometry based) confirmation. Although the SCs (and metabolites) tested here, as well as other SCs (and corresponding metabolites, unpublished observations) were found to be active, we cannot exclude at this point that there may be SCs for which the major phase I metabolites are inactive. Also, in cases where there is a considerable delay between use and sampling, with only trace levels remaining present, these trace levels may not be sufficient to generate a signal in our bioassay. However, it should be mentioned that the latter also holds true for analytical assays. For natural cannabinoids, we cannot exclude that very high urinary levels of Δ 9 THC and/or 11-OH-THC may give rise to a positive result after recent heavy cannabis use, which is not surprising as we screen for CB activity. In addition, oral or oromucosal use of products containing high CBD levels may influence the signal obtained in our CB reporter assay. However, in both of the above-mentioned scenarios, we expect that this will not pose a problem, as heavy use of natural cannabinoids will be easily picked up by conventional screening assays. The expression vectors contain the sequences encoding the subunits of the NanoLuc ® luciferase (LgBiT or SmBiT) and the flexible linker (GSSGGGGSGGGGSSG). All expression plasmids were constructed by cloning PCR products, flanked by a unique restriction site, into the respective vectors, as described below. All constructs were sequence-verified.
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To generate the constructs, specific primers were used to PCR-amplify the coding sequence of interest, flanked by XhoI or EcoRI restriction sites (see Table S LgBiT -Linker -POI βarr2 EcoRI NB MCS- 4 SmBiT -Linker -POI βarr2 EcoRI 
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Cell culture and transfection
Human embryonic kidney (HEK) 293T cells were routinely maintained at 37°C, 5% CO 2 , under humidified atmosphere in DMEM (high glucose) supplemented with 10% heat-inactivated FBS, 2mM of glutamine, 100IU/ml of penicillin, 100µg/ml of streptomycin and 0.25µg/ml of amphotericin B. For experiments, HEK 293T cells were plated in 6-well plates at 5x10 5 cells/well. The next day, cells were transiently transfected using FuGENE ® HD reagent according to the manufacturer's protocol (optimal ratio of FuGENE:DNA 3:1). Transfection mixes contained 1.65µg of each of the plasmids of interest.
On the third day, cells were plated on poly-D-lysine-coated 96-well plates at 5x10 4 cells/well and incubated overnight.
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Supplementary Data S-2
To evaluate the activity of the different SCs and their metabolites
To determine the activity of a compound, the absolute signals were corrected for solvent controls and for inter-well variability. First, the absolute raw signals (colored lines) were baseline-corrected by subtracting the average of the signals from vehicle control samples (black lines) (A to B). Next the signals were corrected for the inter-well variability by forcing the curve through 0 (B to C). The AUC were calculated and normalized by the AUC of the reference compound, JWH-018. To assess the activity of the natural cannabinoids and the urinary samples
Here the absolute raw signals were only corrected for the inter-well variability. The absolute signals were corrected by forcing all the curves through the same starting point at time point 0 (A to B). 
